Introduction
============

Hepatic ischemia-reperfusion injury (HIRI) remains a major cause of damage that is associated with several liver diseases and hepatic surgery, which affects the outcomes of hepatic operations and other liver diseases related to HIRI ([@b1-ijmm-45-06-1875],[@b2-ijmm-45-06-1875]). Complex mechanisms are involved in HIRI and studies indicate that Kupffer cells (KCs), which are liver-resident macrophages, play a crucial role in the inflammatory response in several hepatic diseases ([@b3-ijmm-45-06-1875]-[@b6-ijmm-45-06-1875]). Two well-known KC phenotypes, M1 and M2, have different functions in HIRI; M1-polarized KCs exacerbate IR-induced damage to the liver by producing proin-flammatory cytokines such as TNF-α and interleukin (IL)-1β, while anti-inflammatory cytokines, such as IL-10 and TGF-β, are produced by M2-polarized KCs and protect hepatocytes against IR injury ([@b7-ijmm-45-06-1875]-[@b9-ijmm-45-06-1875]). Therefore, increasing the number of M2 cells or reducing the M1 phenotype of KCs may help to ameliorate HIRI.

Autophagy is a conserved intracellular self-digestion process that eliminates damaged organelles and senescent proteins, in which autophagolysosomes created by the fusion of autophagosomes and lysosomes play a crucial role ([@b10-ijmm-45-06-1875]). Autophagy plays either a protective or detrimental role under different conditions, making it a \'double-edged sword\' for stressed cells ([@b11-ijmm-45-06-1875]). The role of autophagy in HIRI remains controversial and depends on the treatment and how the model is established (warm or cold) ([@b12-ijmm-45-06-1875]-[@b14-ijmm-45-06-1875]). Studies have shown that autophagy plays a protective role in orthotopic liver transplantation (OLT)-induced IRI. Nakamura *et al* ([@b15-ijmm-45-06-1875]) demonstrated that HO-1/Sirt1-mediated autophagy contributes to ameliorating OLT-induced IRI in mice and humans. Zaouali *et al* ([@b16-ijmm-45-06-1875]) confirmed the hepatoprotective effect of AMPK-dependent autophagy in OLT-induced IRI. During HIRI, classically activated KCs (M1) damage the liver tissue not only by releasing reactive oxygen species and inflammatory cytokines but also by attracting other inflammatory cells to amplify these negative effects, and a previous study showed that autophagy plays a protective role by downregulating the cellular inflammatory response ([@b17-ijmm-45-06-1875]). In the livers of high-fat diet-fed mice, the loss of autophagy promotes lipopolysaccharide (LPS)-induced M1 polarization of KCs ([@b18-ijmm-45-06-1875]). Similarly, increased levels of IL-1β and IL-18 in LC3B knockout macrophages were observed in a sepsis mouse model, which revealed the protective role of autophagy in macrophage-related inflammation, but whether autophagy protects the liver from cold ischemia reperfusion remains to be elucidated ([@b19-ijmm-45-06-1875]).

Suberoylanilide hydroxamic acid (SAHA) is a pan-histone deacetylase inhibitor that has been applied clinically for the treatment of cancers for numerous years ([@b20-ijmm-45-06-1875]) and has also been shown to have anti-inflammatory effects on colitis and attenuate con A-induced acute hepatic injury ([@b21-ijmm-45-06-1875],[@b22-ijmm-45-06-1875]). Choi *et al* ([@b23-ijmm-45-06-1875]) demonstrated that SAHA downregulates proin-flammatory factor levels in plasma and inhibits responses of peripheral blood mononuclear cells to Toll-like receptor 4 (TLR4). Moreover, SAHA protects cardiomyocytes against IRI in an autophagy-dependent manner ([@b24-ijmm-45-06-1875]). Recent evidence suggests that SAHA affects the formation of autophagosomes and promotes autophagy ([@b25-ijmm-45-06-1875]). However, the role of SAHA in cold HIRI remains unclear and so a model of cold HIRI and SAHA pretreatment was established to investigate its effect on the IR-injured liver.

Studies have demonstrated that SAHA promotes autophagy of several cell models by downregulating AKT/mTOR signaling, which is one of the classical pathways involved in regulating cellular autophagy ([@b26-ijmm-45-06-1875]-[@b29-ijmm-45-06-1875]). AKT is a well-studied factor that functions in several models of diseases and positively regulates the phosphorylation of NF-κB, thus enhancing M1 polarization of macrophages ([@b30-ijmm-45-06-1875],[@b31-ijmm-45-06-1875]). AKT also phosphorylates glycogen synthase kinase 3β (GSK3β), which is a conserved kinase that negatively regulates the activity of NF-κB. Cremer *et al* ([@b32-ijmm-45-06-1875]) demonstrated that GSK3β regulates the *Burkholderia ceno- cepacia*-mediated inflammatory in phagocytes through the PI3K/AKT/GSK3β/NF-κB pathway. Therefore, whether SAHA influences the AKT/GSK3β/NF-κB pathway in KCs and whether AKT/mTOR signaling is involved in SAHA-induced upregulation of KC autophagy was investigated.

Materials and methods
=====================

Animals and OLT in rats
-----------------------

The animal experiments involved in this study were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by the Ethics Committee of the Second Affiliated Hospital of Chongqing Medical University (Chongqing, China). Sprague-Dawley (SD) rats (male, 250-300 g, 8-10 weeks old) were obtained from Chongqing Medical University Experimental Animal Center (Chongqing, China) and were selected as both donors and recipients. The animals were housed under specific pathogen-free conditions with an ambient temperature of 25°C, a controlled humidity of 50% and a 12 h light-dark cycle and were provided water and standard chow *ad libitum*. To establish an OLT model, phenobarbital sodium was used to anesthetize both of the donor or recipient rats at a dose of 60 mg/kg body weight via intra-peritoneal injection ([@b33-ijmm-45-06-1875]), and the modified Kamada\'s two cuff technique ([@b34-ijmm-45-06-1875]) was used.

KC isolation
------------

A total of 36 SD rats (male, 250-300 g) were sacrificed for the isolation of KCs, which was performed as described previously ([@b35-ijmm-45-06-1875]). The rats were anesthetized with phenobarbital sodium at a dose of 60 mg/kg body weight via intra-peritoneal injection and all of the rats used in the current research were euthanized by exsanguination from the inferior vena cava under sevoflurane anesthesia (3-4%). Electrocardiographic monitoring was used to verify death. After laparotomy, the livers were softened and yellowed by perfusion of 0.05% collagenase type IV through the portal vein, and then the liver was homogenized and filtered with a 200 mesh stainless steel screen. Subsequently, the suspension was centrifuged twice at 300 × g (4°C) for 5 min to remove the residual enzymatic solution as described previously ([@b36-ijmm-45-06-1875]). The supernatant was discarded, and the suspension was centrifuged at 50 × g (4°C) for 3 min to remove hepatocytes and other cells. Finally, the retained supernatant was centrifuged at 300 × g (4°C) for 5 min and the supernatant was discarded. The isolated KCs were plated and cultured with RPMI 1640 (Gibco; Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (Hyclone, GE Healthcare Life Sciences) and 100 U/ml penicillin/streptomycin (Sigma-Aldrich; Merck KGaA) in a humidified atmosphere at 37°C and 5% CO~2~. Primary KCs were identified by CD68 staining using immunofluorescence and flow cytometry.

Establishment of the rat HIRI model with ATG5 knockdown in KCs
--------------------------------------------------------------

Adeno-associated virus expressing ATG5-short hairpin (sh)RNA (AAV-ATG5-shRNA) and a control virus (scramble) were obtained from HanBio Biotechnology Co., Ltd. To obtain the KCs with ATG5 knockdown, the wild-type rats were injected with AAV-ATG5-shRNA or scramble (3x10^12^ vector genomes/kg) 30 days before liver transplantation via the tail vein. The mRNA and protein levels of ATG5 were measured by RT-qPCR and western blotting, respectively. To deplete KCs in the donor livers, clodronate liposomes (CLs) were used as before ([@b37-ijmm-45-06-1875]). Then KCs (2x10^7^cells) that were isolated from the liver tissue of AAV-ATG5-shRNA- or scramble-treated rats, were injected into recipients via the portal vein during OLT ([@b38-ijmm-45-06-1875]).

Experimental groups In vivo
---------------------------

The rats were randomly divided into Sham group (n=5), IR group (n=5), IR+dimethyl sulfoxide treatment group (IR+DMSO, n=5), IR+SAHA treatment group (IR+SA, n=5), IR+SAHA+CLs treatment group (IR+SA+CL, n=5), IR+SAHA+chloroquine treatment group (IR+SA+CQ, n=5), IR+Scramble-shRNA treatment group (IR+Scramble, n=5), and IR+SAHA+ATG5-shRNA treatment group (IR+SA+ATG5-shRNA, n=5). For the Sham group, the rats received an abdominal incision and exposure of the liver vasculature. For the IR group, the grafts received 24 h of reperfusion after OLT without additional treatment. For the IR+SA group, the donors and recipients were both intraperitoneally injected with a dose of 50 mg/kg SAHA (MedChemExpress) 12 h prior to operation, and the recipients continued to receive 50 mg/kg SAHA q12 h right from reper-fusion via intra-peritoneal injection ([@b39-ijmm-45-06-1875]). For the IR+SA+CL group, CL (Encapsula NanoSciences) were injected into the donors at a dose of 4 *µ*l/g body weight via the tail vein 48 h prior to surgery according to the manufacturer\'s protocol ([@b37-ijmm-45-06-1875]). Depletion of KCs were verified by using flow cytometry and immunohistochemistry, respectively. For the IR+SA+CQ group, 60 mg/kg CQ (Sigma-Aldrich; Merck KGaA) dissolved in PBS was injected into both of the donors and recipients 1 h prior to surgery ([@b40-ijmm-45-06-1875]). For the IR+SA+ATG5-shRNA group, the technique described above in the \'establishment of the rat HIRI model with ATG5 knockdown in KCs\' was used. IR and SA treatment were performed as described before. For the vehicle-treatment groups, equal volumes of DMSO, liposomes or Scramble-shRNA were administered via the same routes as the respective drug treatments. No effects of these vehicles on liver function were found.

In vitro assays
---------------

KCs were randomly divided into Normal group, LPS (Sigma-Aldrich; Merck KGaA) treatment group, LPS+DMSO treatment group, LPS+SAHA treatment group (LPS+SA), LPS+Scramble-siRNA treatment group (LPS+Scramble), and LPS+SAHA+ATG5-siRNA treatment group (LPS+SA+ATG5-siRNA). In the Normal group, KCs were cultured with no additional treatment. In the LPS group, KCs were cultured with LPS (100 ng/ml) for 6 h ([@b41-ijmm-45-06-1875]). In the LPS+SA group, LPS-stimulated KCs were cultured with SAHA (3 *µ*M) for 24 h ([@b41-ijmm-45-06-1875]). In the LPS+SAHA+ATG5-siRNA group, ATG5-siRNA (sense 5′-CAU GUG UGA AGG AAG CUG ATT-3′, antisense 5′-UCA GCU UCC UUC ACA CAU GTT-3′) or scrambled-siRNA (sense UUC GCU GAA GGU GCC ACG CTT, antisense ACA CGU CAU GCU CGG CGA GTT) was mixed with Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) at a final concentration of 50 nM according to the manufacturer\'s protocol. After transfection at 37°C for 48 h, KCs were treated with LPS and SAHA as described before, and the silencing efficiency was checked by western blotting. The sequences of ATG5-siRNA were determined based on a previous reference ([@b42-ijmm-45-06-1875]). For the vehicle-treatment group, 0.1% DMSO or scramble-siRNA was added to the medium in the same volume and at the same time point as the respective reagent treatments.

Hematoxylin and eosin (H&E) staining
------------------------------------

H&E staining was performed according to the manufacturer\'s protocol (Beyotime Institute of Biotechnology). Paraffin sections (5-*µ*m thick) of liver tissue were dewaxed and hydrated, followed by hematox-ylin staining at 37°C for 5-10 min. Then, the paraffin sections were stained with eosin at 37°C for 30 sec-2 min. After dehydration, clearing and sealing, tissue damage and inflammation were observed under a light microscope (magnification, x400; Olympus Corporation). A total of six fields were captured for analysis per sample in blinded fashion. The severity of IRI was graded using Suzuki criteria ([@b43-ijmm-45-06-1875]).

Liver function examination
--------------------------

Serum was isolated from whole blood by centrifuging at 200 × g at 4°C for 10 min. The levels of serum alanine aminotransferase (sALT) and serum aspartate aminotransferase (sAST) were evaluated by using an automatic biochemical meter (Beckman CX7; Beckman Coulter, Inc.).

TUNEL staining
--------------

TUNEL staining was performed according to the manufacturer\'s protocol (Wuhan Boster Biological Technology, Ltd.). Paraffin sections fixed with 4% para-formaldehyde for 1 h at room temperature were dewaxed, hydrated and digested with proteinase K for 15 min at 37°C. After washing 3 times for 2 min each, the tissue sections were incubated with a mixture of TdT, DIG-d-UTP and labeling buffer for 2 h at 37°C. After blocking for 30 min at 37°C, the sections were incubated with biotinylated anti-digoxigenin antibody at 37°C for 30 min, followed by incubation with SABC-FITC for 30 min. The nuclei were stained with DAPI at 37°C for 10 min. Finally, the fluorescence was detected by fluorescence microscopy (magnification, x400; Olympus Corporation). Results were scored semi-quantitatively by counting the number of positive cells in 6 fields per sample in a blinded fashion.

Flow cytometry analysis
-----------------------

To determine the ratio of M1 phenotype KCs, 1x10^6^ KCs were suspended in cell staining buffer before incubation with anti-CD68 (cat. no. ab201340; Abcam) and anti-CD86 (cat. no. ab213044; Abcam) antibodies at 4°C for 0.5 h. After washing 3 times with cell staining buffer, the samples were incubated with a FITC conjugation kit (Fast) (cat. no. ab188285; Abcam) or PE/Cy7 conjugation kit (cat. no. ab102903; Abcam) at 4°C in the dark for 30 min. After washing 3 times with cell staining buffer, the stained cells were acquired by a BD FACSCalibur and analyzed by using Cell Quest version 5.1 software (BD Biosciences).

Reverse transcription-quantitative PCR (RT-qPCR)
------------------------------------------------

Total RNA of liver tissue and cells was isolated by TRIzol reagent (Takara Bio, Inc.) and reverse transcribed into cDNA by using the PrimeScriptVR RT reagent kit with genomic DNA eraser (Takara Bio, Inc.). Reverse transcription of cDNA was conducted in a 20 *µ*l reaction system: 10 *µ*l mixture of 2 *µ*l 5X gDNA Eraser Buffer, 1 *µ*l gDNA Eraser, 1 *µ*g Total RNA and RNase Free dH~2~O was incubated at 42°C for 2 min and then stored at 4°C for subsequent reactions. Next, 1 *µ*l PrimeScript RT Enzyme Mix I, 1 *µ*l RT Primer Mix, 4 *µ*l 5X PrimeScript Buffer 2 and 4 *µ*l RNase Free dH~2~O were added to the above mixture. Then the reverse transcription of cDNA was performed at 37°C for 15 min, 85°C for 5 sec, 4°C for 10 min and finally stored at −20°C. For qPCR, cDNA was mixed with primers and SYBR-Green (Takara Bio, Inc.) following the manufacturer\'s protocol and was then detected by a real-time detection system (Bio-Rad Laboratories, Inc.). The primers used were as follows: LC3B forward, -TTAAGCCCCTACCAAGGCAA-3′, reverse, 5′-CACTTGCATGGCACTCAGTTT-3′; P62 forward, 5′-TTGAGGCACCCCGTAAAGTC-3′, reverse, 5′-TACATGGTGGCACCTACTGC-3′; ATG5 forward, 5′-CAGAAGCTGTTCCGTCCTGT-3′, reverse, 5′-CCGTGAATCATCACCTGGCT-3′; and β-actin forward, 5′-CGTTGACATCCGTAAAGAC-3′, reverse 5′-TGGAAGGTGGACAGTGAG-3′ (Sangon Biotech Co., Ltd.). qPCR was conducted in a 25 *µ*l reaction system, including 1 *µ*l forward and 1 *µ*l reverse primers, 12.5 *µ*l SYBR-Green, 2 *µ*l cDNA, and 8.5 *µ*l dH~2~O. The thermocycling conditions used for qPCR were as follows: 95°C for 30 sec, 40 cycles of 95°C for 5 sec, 60°C for 30 sec. All the samples were normalized to β-actin expression. The comparative method 2^−ΔΔCq^ ([@b44-ijmm-45-06-1875]) was used for the relative quantification of results and all experiments were repeated in triplicate.

Western blot analysis
---------------------

KCs and liver tissue were treated with RIPA lysis buffer supplemented with protease inhibitors and phenylmethanesulfonyl fluoride (Beyotime Institute of Biotechnology). Protein concentrations were detected by a bicinchoninic acid protein quantitative kit (Beyotime Institute of Biotechnology) according to the manufacturer\'s protocol. A total of 30 *µ*g protein was loaded per lane, separated using 10 or 12% SDS-PAGE and then electrotransferred onto polyvinylidene difluoride membranes. After blocking in 5% skim milk at 37°C for 1 h, the membranes were incubated with primary antibodies at 4°C overnight and then incubated with secondary antibody at 37°C for 1 h. The bands were visualized by using an enhanced chemiluminescence kit (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. All images were analyzed using ImageJ software, version 14.8 (National Institutes of Health). The primary antibodies used were as follows: TNF-α (1:1,000; cat. no. ab66579; Abcam), IL-1β (1:1,000; cat. no. ab9787; Abcam), IL-6 (1:1,000; cat. no. ab9324; Abcam), Bax \[1:1,000; cat. no. 2772; Cell signaling Technology, Inc. (CST)\], Bcl-2 (1:1,000; cat. no. ab196495; Abcam), caspase3 (1:1,000; cat. no. 9662; CST), cleaved-caspase3 (1:1,000; cat. no. 9664; CST), iNOS (1:1,000; cat. no. ab3523; Abcam), phosphory-lated (p)-Akt (Ser473) (1:1,000; cat. no. 4060; CST), Akt (1:1,000; cat. no. 9272; CST), p-NF-κB p65 (1:1,000; cat. no. 3033; CST), NF-κB p65 (1:1,000; cat. no. 6956; CST), p-GSK3β (Ser9) (1:1,000; cat. no. 9336; CST), GSK3β (1:1,000; cat. no. ab93926; Abcam), p-mTOR (Ser2448) (1:1,000; cat. no. 5536; CST), mTOR (1:1,000; cat. no. 2972; CST), ATG5 (1:1,000; cat. no. 12994; CST), LC3B (1:1,000; cat. no. 3868; CST), P62 (1:1,000; cat. no. 23214; CST), and ATG16L1 (1:1,000; cat. no. 8089; CST).

Immunofluorescence staining
---------------------------

KCs were incubated with primary antibodies against LC3B (1:200; cat. no. \#3868; CST) and CD68 (1:100; cat. no. ab201340; Abcam) at 4°C overnight and then treated with FITC-conjugated goat anti-rabbit IgG (1:1,000; cat. no. ab6717; Abcam) for 1 h at room temperature in the dark. The nuclei were stained with DAPI at room temperature in the dark for 10 min, which was then detected by fluorescence microscopy (magnification, ×200; Olympus Corporation). Six fields were blindly captured for analysis per sample. ImageJ software, version 14.8 (National Institutes of Health) was used to quantitate the levels of immunoreactivity.

Transmission electron microscopy (TEM)
--------------------------------------

The autophagic vacuoles in KCs were viewed with TEM (magnification, x20,000; HITACHI HT-7700, Hitachi, Ltd.) at an accelerating voltage of 100 kV. After being treated with the appropriate reagents, the KCs were fixed with 2.5% glutaraldehyde at 4°C for 24 h, and post-fixed with 1% osmium tetroxide at 4°C for 2 h. Then, the samples were dehydrated with gradient ethanol, and embedded with 100% epoxy resin (cat. no. 45345-1L-F; Honeywell Fluka; Honeywell Research Chemicals) at 60°C for 24 h. Next, ultrathin sections at 70-nm thickness were prepared and stained with uranyl acetate and lead citrate. The preparation of the samples and the procedures were performed based on a previous reference ([@b45-ijmm-45-06-1875]). Autophagic vacuoles in 6 randomly selected fields per sample were counted. There were 5 sections for each specimen.

Statistical analysis
--------------------

The statistical significance of differences between two groups was tested by Student\'s t test, while comparisons between more than two groups were performed by using one-way ANOVA followed by a Bonferroni post hoc test and the data are presented as the mean ± SD. GraphPad Prism 7 (GraphPad Software, Inc.) was used for data processing. P\<0.05 was considered to indicate a statistically significant difference. Each experiment was repeated independently at least 3 times.

Results
=======

SAHA protects the liver from cold IR in a KC-dependent manner
-------------------------------------------------------------

In this study, the impact of SAHA on the liver after cold IR was first investigated. SAHA pretreatment significantly attenuated damage caused by IRI compared with that of the sham group at 24 h, as indicated by reduced levels of sALT and sAST ([Fig. 1A](#f1-ijmm-45-06-1875){ref-type="fig"}), and reduced hepatocellular damage ([Fig. 1B and C](#f1-ijmm-45-06-1875){ref-type="fig"}) was found in the SAHA-treated group. Pretreatment with SAHA protected hepatocytes by reducing hepatocellular apoptosis, as demonstrated by the protein levels of cleaved-caspase3/caspase3, Bcl-2 and Bax ([Fig. 1D and E](#f1-ijmm-45-06-1875){ref-type="fig"}). However, the protective effects of SAHA on IR-injured livers were diminished after depletion of KCs by CL ([Fig. 1](#f1-ijmm-45-06-1875){ref-type="fig"}). Taken together, SAHA-mediated protection against cold liver IRI depends on KCs.

SAHA inhibits inflammation and promotes autophagy in grafts
-----------------------------------------------------------

To further investigate the effect of SAHA on the factors related to KC activation, the protein levels of proin-flammatory factors and AKT/NF-κB p65 were detected, and the autophagy-related factors AKT/mTOR, ATG5, ATG16L1, LC3B, and P62 were also evaluated after IR insult. As shown in [Fig. 2A and B](#f2-ijmm-45-06-1875){ref-type="fig"}, the proinflammatory factors IL-1β, TNF-α, and IL-6 were significantly increased after IR insult but were reversed by SAHA. AKT/NF-κB p65 was upregulated by IR insult but was reduced by SAHA ([Fig. 2C and D](#f2-ijmm-45-06-1875){ref-type="fig"}). Consistent with the previous report that SAHA induces autophagy ([@b25-ijmm-45-06-1875]), SAHA also promoted autophagy in the grafts ([Fig. 2E and F](#f2-ijmm-45-06-1875){ref-type="fig"}). As AKT/mTOR signaling is closely related to autophagy, the activity of AKT/mTOR was evaluated by western blotting and it was found that this pathway was downregulated by SAHA ([Fig. 2C and D](#f2-ijmm-45-06-1875){ref-type="fig"}). These results indicate that SAHA regulates the inflammatory response after IR insult through the AKT/NF-κB pathway and promotes autophagy in grafts through the AKT/mTOR pathway, but whether SAHA promotes KC autophagy remains to be further investigated.

SAHA inhibits KC M1 polarization through the AKT/GSK3β/NF-κB pathway in vitro
-----------------------------------------------------------------------------

To further investigate the effect of SAHA on the activation of KCs, LPS was used to induce sterile inflammation in KCs that were isolated from normal rats. CD68+CD86+ KCs were detected by flow cytometry and the results showed that the ratio of M1 KCs in the LPS-treated group was much higher than that in the normal group but was downregulated in the SAHA-treated group ([Fig. 3A and B](#f3-ijmm-45-06-1875){ref-type="fig"}). The downregulated protein level of iNOS, an M1 macrophage polarization marker, further confirmed that SAHA inhibited M1 polarization of KCs ([Fig. 3C and D](#f3-ijmm-45-06-1875){ref-type="fig"}). Next, whether SAHA regulates M1 macrophage polarization through the AKT/GSK3β/NF-κB pathway was explored. As shown in [Fig. 3C and D](#f3-ijmm-45-06-1875){ref-type="fig"}, the activity of NF-κB p65 was upregu-lated by LPS, which was accompanied by upregulated p-AKT (Ser473), but both were reduced by SAHA ([Fig. 3C and D](#f3-ijmm-45-06-1875){ref-type="fig"}). Furthermore, LPS inhibited the activity of GSK3β but was activated by SAHA ([Fig. 3C and D](#f3-ijmm-45-06-1875){ref-type="fig"}). These results suggest that SAHA reduces KC M1 polarization by inhibiting the AKT/GSK3β/NF-κB pathway.

SAHA promotes autophagy in KCs by inhibiting the AKT/mTOR pathway in vitro
--------------------------------------------------------------------------

Although SAHA promotes autophagy in liver grafts, whether it promotes autophagy in KCs remains unknown. Therefore, autophagy-related factors were detected in isolated KCs from normal rat livers and the RT-qPCR results showed that ATG5 and LC3B were both increased in the SAHA-treated group compared with those in the LPS-treated group, accompanied by a reduction in P62 ([Fig. 4A](#f4-ijmm-45-06-1875){ref-type="fig"}). SAHA-induced autophagy in KCs was further confirmed by western blotting ([Fig. 4B-E](#f4-ijmm-45-06-1875){ref-type="fig"}). Furthermore, the immunofluorescence results showed that the fluorescence intensity in the SAHA-treated group was much higher than that in the LPS-treated group ([Fig. 4F](#f4-ijmm-45-06-1875){ref-type="fig"}). Moreover, the TEM results showed that there were significantly more autophagic vacuoles in the LPS+SA group than in the Normal, LPS+DMSO and LPS groups ([Fig. 5A](#f5-ijmm-45-06-1875){ref-type="fig"}). AKT/mTOR signaling is one of the classical pathways ([@b26-ijmm-45-06-1875]), and activation of AKT and mTOR was detected by western blotting, which showed that LPS-induced upregulation of p-mTOR (Ser2448) and p-AKT (Ser473) was abrogated by SAHA ([Fig. 4B and C](#f4-ijmm-45-06-1875){ref-type="fig"}). These results indicate that SAHA promotes KC autophagy by downregulating the AKT/mTOR pathway.

To investigate the effect of autophagy on inflammation, KCs were isolated from normal rat livers and treated with ATG5-siRNA. As shown in [Fig. 5B and C](#f5-ijmm-45-06-1875){ref-type="fig"}, the upregu-lated proinflammatory cytokines in LPS-treated KCs were downregulated by SAHA, and this effect was reversed by knockdown of ATG5 ([Fig. 5B and C](#f5-ijmm-45-06-1875){ref-type="fig"}), which confirmed that the SAHA-mediated reduction in inflammation in KCs is partly dependent upon autophagy.

SAHA-mediated amelioration of liver injury depends on KC autophagy
------------------------------------------------------------------

Published studies have shown that autophagy plays a controversial role in liver ischemia reperfusion injury ([@b11-ijmm-45-06-1875],[@b46-ijmm-45-06-1875]-[@b48-ijmm-45-06-1875]); therefore, the present study investigated the role of autophagy in the protective effect of SAHA on OLT-induced IRI by using the autophagy inhibitor CQ. The increased levels of serum ALT and serum AST in the CQ-treated group indicated that inhibition of autophagy partly impaired the protective effect of SAHA on OLT-induced IRI ([Fig. 6A](#f6-ijmm-45-06-1875){ref-type="fig"}). Since SAHA protects the liver from cold IR in a KC-dependent manner, to further investigate the role of KC autophagy in SAHA-mediated protection against IR-induced liver injury, KC autophagy was downregulated by AAV-ATG5-shRNA *in vivo* as described previously ([@b43-ijmm-45-06-1875]) ([Fig. 6B and C](#f6-ijmm-45-06-1875){ref-type="fig"}). The protective effect of SAHA on OLT-induced IRI was weakened in the AAV-ATG5-shRNA group, as increased levels of hepatocyte apoptosis were found in the SAHA+AAV-ATG5-shRNA group compared with those of the SAHA-treated group ([Fig. 6D-G](#f6-ijmm-45-06-1875){ref-type="fig"}).

Discussion
==========

Cold HIRI induced by OLT occurs early in liver transplantation and seriously decreases the survival rate of liver transplantation. The results of the current study demonstrate that the histone deacetylase inhibitor SAHA reduced the levels of proinflammatory cytokines and attenuated IR-induced liver injury in a KC-dependent manner. Although SAHA plays an anti-inflammatory role in various diseases ([@b22-ijmm-45-06-1875],[@b23-ijmm-45-06-1875],[@b49-ijmm-45-06-1875]), its role in cold HIRI remains unclear. The present study showed that SAHA promoted autophagy in KCs by inhibiting the AKT/mTOR pathway, which contributes to ameliorating IR-induced liver injury. Moreover, SAHA reduced M1 polarization of KCs by inhibiting the AKT/GSK3β/NF-κB pathway.

Macrophages play a pivotal role in the initiation of innate and adaptive immune responses by shifting between M1 and M2 phenotypes. M1 macrophages release proinflammatory cytokines such as IL-1β and TNF-α, while M2 macrophages release anti-inflammatory cytokines such as TGFβ and IL10 ([@b50-ijmm-45-06-1875]). KC, the resident macrophages in the liver, are tightly associated with IR of the liver by triggering or suspending inflammation ([@b51-ijmm-45-06-1875]). In the present study, it was found that depletion of KCs impaired the protective effect of SAHA on the IR-liver, which indicates that SAHA attenuated OLT-induced IRI in a KC-dependent manner. During hepatic ischemia reperfusion, TLR4, a surface receptor on KCs, binds to danger signals such as damage-associated molecular patterns to activate KCs ([@b52-ijmm-45-06-1875]). In response to danger signal stimulation, activated KCs release proinflammatory and anti-inflammatory cytokines to play a dual role in modulating HIRI ([@b53-ijmm-45-06-1875]). A study performed by Leoni *et al* ([@b22-ijmm-45-06-1875]) showed that SAHA decreases proinflammatory cytokines released by LPS-stimulated peritoneal macrophages, but its effect on KCs in IRI remains to be elucidated.

Histone deacetylase inhibitors have been shown to induce autophagy and anti-exert anti-inflammatory effects *in vitro* and *in vivo* ([@b54-ijmm-45-06-1875],[@b55-ijmm-45-06-1875]); SAHA ameliorates the outcomes of cardiac ischemia reperfusion injury by inducing cardiomyocyte autophagy ([@b24-ijmm-45-06-1875]), but its role in cold liver IRI remains to be fully investigated. Autophagy is a highly conserved metabolic process that maintains cellular homeostasis by forming autophagic lysosomes to remove misfolded proteins and damaged organelles ([@b56-ijmm-45-06-1875]). Evidence indicates that autophagy is closely related to the inflammatory response; for example, proinflammatory cytokines IL-1α, IL-1β and type I interferon are increased in macrophages when autophagy is inhibited ([@b57-ijmm-45-06-1875]-[@b59-ijmm-45-06-1875]), while attenuated inflammation occurs in autophagy-overexpressing conditions ([@b60-ijmm-45-06-1875],[@b61-ijmm-45-06-1875]). In the present study, it was found that SAHA reduced the upregulation of p-AKT and p-P65 after OLT, combined with the downregulation of M1 KC polarization in the SAHA-treated group *in vitro*. The current study detected whether AKT/GSK3β/NF-κB, a signaling pathway that participates in the inflammatory response of phagocytes ([@b32-ijmm-45-06-1875]), changed with SAHA treatment. The results showed that SAHA downregulated this pathway, which indicates that SAHA inhibits M1 polarization of KCs through the AKT/GSK3β/NF-κB signaling pathway. Moreover, SAHA promoted autophagy in KCs, accompanied by inhibition of AKT/mTOR signaling, which suggests that SAHA enhances autophagy in KCs through the AKT/mTOR pathway. Next, to explore the role of enhanced autophagy by SAHA in cold liver IRI, ATG5 in KCs was knocked down by AAV-ATG5-shRNA and the results showed that knockdown of ATG5 partly diminished the protective effect of SAHA on IR-injured livers, which is consistent with previous studies ([@b57-ijmm-45-06-1875]-[@b59-ijmm-45-06-1875]).

In conclusion, the present study shows that the antitumor drug SAHA effectively alleviates OLT-induced IRI. SAHA induces autophagy and inhibits M1 polarization of KCs, both of which contribute to ameliorating OLT-induced IRI. These findings provide evidence that SAHA may be an effective treatment for OLT-induced IRI.
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![SAHA protects the liver from cold IR in a KC-dependent manner. (A) The serum concentrations of ALT and AST at 0, 6, 12, 24 and 48 h after OLT-induced IR in the Sham, IR+DMSO, IR, IR+SA and IR+SA+CL groups (n=5/group). (B) Images of hematoxylin and eosin (magnification, ×400) staining showing the tissue damage in the grafts of different experimental groups at 24 h after IR and the (C) Suzuki score at 24 h after IR. (D) Western blot analysis of the expression of Cle-caspase3, caspase3, Bcl-2 and Bax. (E) Densitometric analysis of the western blot data. ^\*^P\<0.05 vs. the Sham group and ^\#^P\<0.05 vs. the IR+SA group. OLT, orthotopic liver transplantation; IR, ischemia reperfusion; DMSO, dimethyl sulfoxide; SA, suberoylanilide hydroxamic acid; CL, clodronate liposomes; KCs, Kupffer cells; Cle-caspase3, cleaved caspase3; sALT, serum alanine aminotransferase; sAST, aspartate transaminase, serum.](IJMM-45-06-1875-g00){#f1-ijmm-45-06-1875}

![SAHA inhibits inflammation and promotes autophagy in grafts. (A) The protein levels of IL-1β, TNF-α and IL-6 in liver tissue were measured by western blotting. (B) Quantification of western blot data. (C) Western blot analysis of the protein levels of p-AKT, AKT, P-P65, P65, p-mTOR and mTOR in IR-livers. (D) Densitometric analysis of the western blot data. (E) The protein levels of P62, ATG5 and LC3B in the liver were detected by western blotting. (F) The relative protein levels of P62, ATG5 and LC3B. (G) The protein levels of ATG16L1 in the liver were detected by western blotting. (H) The relative protein levels of ATG16L1. ^\*^P\<0.05 vs. the Sham group and ^\#^P\<0.05 vs. the IR+SA group. IL, interleukin; p-, phosphorylated; IR, ischemia reperfusion; DMSO, dimethyl sulfoxide; SA, suberoylanilide hydroxamic acid; CL, clodronate liposomes; ATG5, autophagy 5 protein.](IJMM-45-06-1875-g01){#f2-ijmm-45-06-1875}

![SAHA inhibits KC M1 polarization through the AKT/GSK3β/NF-κB pathway *in vitro*. (A) The ratio of CD68+CD86+ Kupffer cells was measured by flow cytometry and (B) analyzed. (C) Western blotting and (D) analysis of the protein levels of p-AKT, AKT, p-GSK3β, GSK3β, p-P65, P65 and iNOS. ^\*^P\<0.05 vs. the normal group and ^\#^P\<0.05 vs. the LPS+SA group. DMSO, dimethyl sulfoxide; SA, suberoylanilide hydroxamic acid; CL, clodronate liposomes; KCs, Kupffer cells; p-, phosphorylated; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; GSK, glycogen synthase kinase.](IJMM-45-06-1875-g02){#f3-ijmm-45-06-1875}

###### 

SAHA promotes autophagy in KCs by inhibiting the AKT/mTOR pathway *in vitro*. (A) The mRNA expression of ATG5, LC3B and P62 was analyzed by quantitative PCR. (B) Western blotting and (C) analysis was used to detect the expression of p-AKT, AKT, p-mTOR, mTOR, P62, ATG5 and LC3B. (D) Western blotting and (E) analysis was used to detect the expression of ATG16L1. (F) The fluorescence intensity of LC3B in KCs was detected by fluorescence microscopy and DAPI was used for nuclear staining (magnification, x200). ^\*^P\<0.05 vs. the normal group and ^\#^P\<0.05 vs. the LPS+SA group. DAPI, 4\'6-diamidino-2-phenylindole; IR, ischemia reperfusion; SA, suberoylanilide hydroxamic acid; CL, clodronate liposomes; KCs, Kupffer cells; LPS, lipopolysaccharide; p, phosphorylated; ATG5, autophagy 5 protein.
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###### 

SAHA inhibits inflammatory cytokines in KCs in an autophagy-dependent manner. (A) Autophagic vacuoles (arrows) in KCs were observed by transmission electron micrograph (n=5/group; magnification, x20,000). (B) Western blotting and (C) analysis of the protein levels of ATG5 in KCs treated with or without ATG5-siRNA. (D) Western blotting and (E) analysis of the protein levels of IL-1β, IL6, TNFα, P62, ATG5 and LC3B in KCs. (F) Western blotting and (G) analysis of the protein levels of ATG16L1. ^\*^P\<0.05 vs. the normal group and ^\#^P\<0.05 vs. the LPS+SA group. IR, ischemia reperfusion; DMSO, dimethyl sulfoxide; SA, suberoylanilide hydroxamic acid; CL, clodronate liposomes; KCs, Kupffer cells; LPS, lipopolysaccharide; si, small interfering; IL, interleukin.
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###### 

SAHA-mediated amelioration of liver injury depends on KC autophagy. (A) The serum concentrations of ALT and AST in each group. (B) The expression of ATG5 in KCs treated with or without AAV-ATG5-shRNA was examined by western blotting and (C) analyzed. (D) The expression of the apoptosis-related proteins Cle-caspase3, Bcl-2 and Bax in KCs treated with or without AAV-ATG5-shRNA was detected by western blotting and (E) analyzed. (F) Hepatocyte apoptosis was detected by TUNEL staining and DAPI was used for nuclear staining (magnification, ×400). (G) Number of TUNEL-positive cells. ^\*^P\<0.05 vs. the Sham group and ^\#^P\<0.05 vs. the IR+SA group. CQ, chloroquine; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick end labeling assay; cle-caspase; cleaved caspase; KC, Kupffer cell; sh, short hairpin; ALT, alanine aminotransferase; AST, aspartate transaminase; IR, ischemia reperfusion.
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